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The sphingosine kinase (SphK)/sphingosine 1-phosphate (S1P) pathway, known to determine the fate and growth of various cell types, can enhance cardiac myocyte survival in vitro and provide cardioprotection in acute ex vivo heart preparations. However, the relevance of these findings to chronic cardiac pathology has never been demonstrated. We hypothesized that S1P signaling is impaired during chronic remodeling of the uninfarcted ventricle during the evolution of post-myocardial infarction (MI) cardiomyopathy and that a therapeutic enhancement of S1P signaling would ameliorate ventricular dysfunction. SphK expression and activity were measured in the remote, uninfarcted myocardium (RM) of C57Bl/6 mice subjected to coronary artery ligation. The mRNA expression of S1P receptor isoforms was also measured, as was the activation of the downstream S1P receptor mediators. A cardioprotective role for S1P1 receptor agonism was tested via the administration of the S1P1-selective agonist SEW2871 during and after MI. As a result, the expression data suggested that a dramatic reduction in SphK activity in the RM early after MI may reflect a combination of posttranscriptional and posttranslational modulation. SphK activity continued to decline gradually during chronic post-MI remodeling, when S1P1 receptor mRNA also fell below baseline. The S1P1-specific agonism with oral SEW2871 during the first 2-wk after MI reduced apoptosis in the RM and resulted in improved myocardial function, as reflected in the echocardiographic measurement of fractional shortening. In conclusion, these results provide the first documentation of alterations in S1P-mediated signaling during the in situ development of cardiomyopathy and suggest a possible therapeutic role for the pharmacological S1P receptor agonism in the post-MI heart. sphingosine 1-phosphate; apoptosis THE PATHOLOGICAL REMODELING of the remaining myocardium remote to the area of infarction contributes importantly to the development of dilated, post-myocardial infarction (MI) cardiomyopathy, the leading cause of heart failure. This remodeling involves changes in the structure, composition, and function of the surviving myocardium, which compensates for tissue lost to infarction by a progressive increase in chamber volume. Ventricular remodeling is now increasingly understood to involve changes in critical signaling pathways within cardiac myocytes (CMs) that help to determine both the cellular fate and function (2, 6, 7, 22, 23) . These discoveries have led to the hope that the activation of the prosurvival signals could ameliorate or even reverse the inexorable progression to post-MI heart failure.
Formed as a result of sphingosine kinase (SphK) activation in response to diverse stimuli, the bioactive sphingolipid metabolite sphingosine 1-phosphate (S1P) has been implicated in many biological processes, including cell growth, suppression of apoptosis, stress responses, calcium homeostasis, cell migration, angiogenesis, and vascular maturation (5, 8, 27, 29, 36) . The S1P signaling cascade has recently been found to play an important role in regulating CM survival and growth (11, 12, 15, 33, 39, 45) . Both intracellular and extracellular pathways have been identified for S1P signaling, and at least three S1P receptor isoforms have been reported in the heart. These receptors are G i protein coupled and have been shown to activate antiapoptotic pathways, such as phosphatidylinositol 3-kinase (PI3K)/Akt, and to reduce levels of the proapoptotic molecules Bax and Bad (3, 25, 30, 32, 36, 42, 44) . A paradigm of intracellular S1P generation, particularly by the enzyme SphK, coupled with the autocrine and paracrine stimulation of cell surface S1P receptors, has emerged as a potential mechanism for enhanced cell survival and other potential therapeutic effects, including a ␤-blocker-like reduction in CM chronotropy and inotropy (1, 9, 13, 16, 18, 24, 26, 31, 35, 37) .
Studies in our laboratory and others have demonstrated that S1P is involved in CM survival signaling during proapoptotic stress in vitro and in cardioprotection achieved via ischemic preconditioning in ex vivo perfusion (Langendorff) experiments (11, 12, 15, 25, 39, 45) . Enhanced S1P signaling, achieved either through an exposure to exogenous S1P or through an induction of increased intracellular SphK activity, has also been found to inhibit CM apoptosis in vitro and to limit ischemic injury in the ex vivo heart (11, 12, 15) . We therefore hypothesized that the alterations in endogenous myocardial S1P receptors, signaling, and SphK activity would correlate with the progressive loss of CMs in remote myocardium (RM) during the evolution of ventricular dilatation and fibrosis associated with post-MI cardiomyopathy in vivo. We further tested the hypothesis that the therapeutic enhancement of S1P survival signaling through a pharmacological stimulation of the most abundant cardiac S1P receptor, S1P 1 , would reduce myocardial apoptosis and improve left ventricular (LV) function after MI.
MATERIALS AND METHODS
Mouse MI. Male C57Bl/6 mice (25 g) were anesthetized with 1.5% inhaled isoflurane using a rodent ventilator (Harvard) at 115 breaths/ min. A left lateral thoracotomy incision was placed at the level of the fourth intercostal space to expose the left ventricle and left atrial appendage, and a 7-0 polypropylene suture was used to ligate the left anterior descending coronary artery (LAD) approximately one-third the distance from the base to the apex of the heart to generate a myocardial infarction (MI) encompassing 30 -40% of the left ventricle. In sham-operated controls, the thoracotomy was closed without coronary ligation. Although a postoperative mortality of ϳ10% is observed in this model, the rodent heart consistently exhibits a substantial capacity for functional compensation in the face of a loss of ventricular wall and aneurysm formation. Despite very severe infarctions of 30 -40% of the LV wall, which would often lead to acute heart failure or death in humans, fractional shortening in the myocardium remote to the infarct and global parameters of function such as cardiac output are well compensated in mice. As such, permanent coronary ligation models of MI in this species represent models of post-MI remodeling, but not necessarily frank heart failure.
The S1P 1 receptor agonist SEW2871 (Biomol, Plymouth Meeting, PA) or vehicle (Tween 20/DMSO) was administered via oral gavage (40 mg ⅐ kg Ϫ1 ⅐ day Ϫ1 ) 1 h before LAD ligation and daily afterward for 2 wk or until death in some mice, according to the methods of Lien et al. (19) who demonstrated an ameliorative effect of SEW2871 administration on ischemic injury in the kidney.
At death, myocardial tissue from the remote free ventricular wall and septum was separated from the area of gross infarction. To avoid a contamination with infarcted tissue, a border zone of ϳ1 mm was left with the infarcted region. Although the border zone pathology itself and the infarct extension/expansion in particular represent an intriguing target for the study of S1P signaling, any attempt to accurately isolate the border zone from the infarcted mouse hearts was felt to introduce a prohibitive sampling error. To gauge the effect of MI on S1P signaling, the measurements taken during post-MI remodeling were compared with those in tissue from sham-operated controls. To assess the ability of therapeutic S1P agonism to reverse post-MI abnormalities, the measurements from remote myocardium (RM) in SEW2871-treated hearts were compared with both those in the RM from the infarcted hearts treated with vehicle and those in normal, uninfarcted myocardium. All procedures conformed with the Guide for the Care and Use of Laboratory Animals, published by the National Institutes of Health (NIH Publication No. 85-23, Revised 1996) and were approved by the Institutional Animal Care and Use Committee of the San Francisco Veterans Affairs Medical Center.
SphK activity. Tissues were homogenized in assay buffer containing 0.13 M KCl, 20 mM HEPES (pH 7.4), 1 mM EGTA, 1 g/l leupeptin, and 0.25 g/l each of chymostatin and pepstain A. The homogenate was centrifuged at 45,000 g for 30 min, and the supernatant was collected for SphK assay. SphK activity was assayed as previously described in our laboratory (40) .
Protein expression. Tissues were homogenized in a lysis buffer containing 0.13 M KCl, 1 mM EDTA, 1 mM EGTA, 1 mM Na 3VO4, 5 mM NaF, 20 mM HEPES, and a protease inhibitor cocktail tablet (Roche Diagnostics, Mannheim, Germany). BCA protein assay reagent kit (Pierce, Rockford, IL) was used to measure protein concentration. Samples containing equal amounts of protein were separated by NuPAGE Novex Bis-Tris Gels (Invitrogen, Carlsbad, CA) and transferred to PVDF membranes (Invitrogen). Blots were probed with antibodies specific for SphK1 (generous gift from Dr. Yoshiko Banno), SphK2 (Santa Cruz Biotech, Santa Cruz, CA), phospho-and total Akt, and total p70S6 kinase, (Cell Signaling, Beverly, MA) with appropriate horseradish peroxidase-conjugated antibodies as secondary antibodies (Cell Signaling). SuperSignal West Femto Maximum Sensitivity substrate (Pierce) was used for the chemiluminescent visualization of proteins. Exposed films were then subjected to density analysis using Scion Image (Scion, Frederick, MD).
RNA isolation and quantitative real-time RT-PCR. RNA samples were extracted from tissue with Total RNA Purification System (Invitrogen). TaqMan real-time RT-PCR analyses of mouse S1P 1, S1P2, S1P3, SphK1, and SphK2 in the RNA samples was conducted in an ABI 7700 sequence detection system (Applied Biosystems, Foster City, CA) with mouse-specific primers and 5Ј-FAM/3Ј-TAMRA-labeled probes purchased from Applied Biosystems [Assay ID for S1P 1, Mm00514644_m1; S1P2, Mm02620208_s1; S1P3, Mm00515669_m1; mSphK1, Mm00448841_g1; SphK2, Mm00445021_m1; and hypoxanthine-guanine phosphoribosyltransferase (HPRT), Mm01545399_m1]. Relative levels of mRNA expression of each gene were normalized separately using the respective HPRT gene for endogenous loading controls.
Echocardiography. A transthoracic echocardiography was performed in conscious mice using an Acuson Sequoia 512 machine and a 13-MHz probe. A two-dimensional short-axis view of the left ventricle was obtained at the level of the papillary muscles, i.e., in myocardium remote to the infarction, and two-dimensional M-mode tracings were also recorded. LV fractional shortening was calculated as (LVDd Ϫ LVDs)/LVDd ϫ 100, where LVDd is LV diastolic dimension and LVDs is LV systolic dimension (14, 34) .
Histology and apoptosis. Five-micrometer sections of pressurefixed, paraffin-embedded hearts were stained with Gomori trichrome, and computerized image analysis (Scion, Frederick, MD) was used to assess the infarct size and wall thickness. Fibrosis scores of 0 -4, based on a combination of staining intensity and distribution according to the method of Jacoby et al. (10) , were assigned in a blinded fashion to four Gomori trichrome-stained sections of RM from each heart, and an average score was calculated. Myocyte size was evaluated via Texas red-conjugated wheat germ agglutinint (Invitrogen). Thin sections were also subjected to terminal deoxynucleotide transferase-mediated dUTP nick-end labeling (TUNEL) staining (ApopTag peroxidase in situ apoptosis detection kit, Chemicon, Temecula, CA), and apoptotic cells and total cells identified via hematoxylin nuclear counterstaining were counted in three sections per heart. Ligase staining (ApopTag peroxidase ISOL kit, Chemicon) of selected adjacent sections was used to confirm the specificity of TUNEL staining. Hematoxylin-eosin staining was used to distinguish the morphology of cells containing apoptotic nuclei on adjacent sections. The level of apoptosis is expressed as apoptotic cells as a percentage of total nuclei.
Statistics. Data are reported as means Ϯ SE. Comparisons among groups were made using ANOVA, followed by Neuman-Keuls post hoc testing. A P value of Ͻ0.05 was considered to denote statistical significance.
RESULTS
mRNA expression of S1P receptors and of SphK1 and -2 in mouse heart. Quantitative analyses of mRNA via real-time RT-PCR indicated that the SphK2 mRNA level is over 200-fold greater than that of SphK1 in the normal unoperated mouse heart (Fig. 1A) . Given our previous observation that SphK2 accounts for roughly 40% of total SphK activity in the C57Bl/6 heart (41), these data and those of others (4) suggest that SphK1 is a more efficient kinase and that a substantial degree of posttranscriptional and posttranslational control of SphK2 activity is exerted in CMs. Consistent with previous reports, mRNA for S1P receptor isoforms S1P 1-3 was identified in mouse heart lysates, whereas the expression of S1P 4 or S1P 5 was undetectable (data not shown). Among these receptors, S1P 1 mRNA was most abundant (Ͼ95% of total receptor RNA expression), with S1P 3 mRNA representing most of the remainder (4.6% of the total, Fig. 1B ). Only very low levels of S1P 2 mRNA were measured in normal hearts.
SphK expression and activity in the post-MI myocardium. Our model of mid-LAD ligation (43) results in the infarction of 30 -40% of the LV wall ( Fig. 2A) and in a progressive pattern of both LV dilatation and reduction of LV function, as reflected in the fractional shortening in the RM over a 12-wk period (Table 1) . Consistent with previous reports, increased levels of myocardial apoptosis were also observed in the RM during chronic post-MI remodeling (Fig. 2B) . Total SphK activity was significantly reduced in the uninfarcted RM at 1 wk after LAD ligation during the early phase of this post-MI remodeling process, and this activity level continued to decline during the subsequent period of progressive LV dilatation and functional deterioration (Fig. 2C) .
The drop in total SphK activity early after MI may have been explained by a corresponding decline observed at that time in SphK2 protein, but not mRNA, levels (Fig. 3) . The discrepancy between the stability in SphK2 mRNA expression and the lower level of SphK2 protein suggests a high degree of posttranscriptional regulation. Alternatively, the decline in total SphK activity may have also been mediated by a posttranslational regulation of SphK1, as has been reported in cell culture systems (38) . In fact, SphK1 expression, both at the mRNA and protein levels, actually increased during the first week after MI compared with sham-operated uninfarcted hearts and then gradually decreased to slightly below that of sham-operated controls at 12 wk after infarction (Fig. 3, A and C) . It remains interesting to note that SphK2 has been associated in some studies with a proapoptotic effect (20, 21, 28) . S1P receptor expression and downstream signaling after MI. As has been reported previously (17) , quantitative RT-PCR indicated that S1P 1 is the most abundantly expressed S1P receptor isoform in the myocardium. At 2 wk post-MI, S1P 1 mRNA expression was significantly reduced in the RM compared with the levels in uninfarcted sham-operated control hearts (Fig. 4 ). An increase in mRNA expression of the much less abundant S1P 2 isoform was observed early after MI (Fig.  4) . By 12 wk post-MI, both S1P 1 and S1P 2 mRNA expression had declined to levels that were below baseline. A significant change in the low levels of expression of S1P 3 mRNA was observed only very late after MI (Fig. 4) . Phosphorylation (i.e., activation) of Akt, a known downstream prosurvival kinase activated by S1P 1 receptor signaling (45) , was also depressed at 1 wk after MI (Fig. 5A) . In contrast, in what may be a compensatory reaction to proapoptotic post-MI signaling, ERK phosphorylation was increased in the RM compared with levels seen in normal, uninfarcted hearts. S1P receptor agonism after MI. We hypothesized that the decline observed in myocardial SphK activity in the surviving RM after MI, together with the reduction in the mRNA expression of S1P 1 , the most abundant S1P receptor isoform, would contribute to a reduction in antiapoptotic signaling in the RM and play an important role both in CM loss and in the observed reduction of post-MI LV function. We therefore postulated that the therapeutic restoration of S1P 1 receptor stimulation in the heart could inhibit apoptosis in the RM and ameliorate the decline in LV dysfunction.
The S1P 1 -specific agonist SEW2871 has been shown to be pharmacologically active in both stressed and unstressed CM in vitro (39, 45) . SEW2871 was administered via oral gavage according to a dosing regimen previously reported to yield an amelioration of ischemic renal injury (18) . Interestingly, slightly worsened fractional shortening was observed in contemporaneous control animals receiving oral gavage of vehicle (Table 2 ) compared with historical animals undergoing LAD ligation without gavage (Table 1 ). This observation may have been due to experimental or biological variation or in part due to added stress on the myocardium related to the stress of daily forced gavage.
An oral administration of SEW2871 in this study was associated with a significant reduction of the decline in Akt phosphorylation in the RM during post-MI remodeling at 2 wk after MI (Fig. 5A) , indicating a pharmacological effect. Although phosphorylation (i.e., activation) of p70S6 kinase did not decline after MI in vehicle-treated animals below the already low levels observed in uninfarcted controls, SEW2871 treatment was associated with an increase in activation of this downstream mediator of Akt signaling, further suggesting an upregulation of the SphK/S1P cascade. There was no statistically significant change in ERK phosphorylation with SEW2871 treatment, although a nonsignificant increase was also observed.
A pharmacological S1P 1 receptor stimulation was associated with an inhibition of programmed cell death in the RM (Fig.  5B) . It is not clear whether apoptosis contributes significantly to infarct size in the type of nonreperfused MI model used in this study, and, in fact, infarct size was not affected by oral SEW2871 administration (37.9 Ϯ 6.2% vs. 40.4 Ϯ 5.0% in SEW2871-and vehicle-treated hearts, respectively, P ϭ 0.75). Nevertheless, the increase in S1P signaling and the reduction in myocardial apoptosis noted in the RM was associated with an 11% improvement in LV function at 2 wk post-MI, as evidenced by echocardiographic measurements of ejection fraction and of fractional shortening in the remote myocardium (Table 2) . Taken together, these data support the significance of remote myocardial remodeling in the progression of post-MI cardiomyopathy and suggest a therapeutic amelioration of that remodeling via S1P receptor stimulation. Furthermore, there was a reduction in myocardial fibrosis (P ϭ 0.03) and a nonsignificant trend toward the preservation of RM wall thickness was also observed in SEW2871-treated mice at 2 wk after MI (Fig. 5, C and D) . Myocyte size, however, was not found to be increased in SEW2871-treated hearts at either 1 or 2 wk after MI (Fig. 5E) , suggesting that an increase in wall thickness may have been related to CM preservation rather than hypertrophy.
Interestingly, in contrast to persistent therapy with SEW2871, a short course of this agent, beginning just before Fig. 3 . A: mRNA expression of SphK1 and SphK2 in the remote, uninfarcted myocardium (RM) after MI in mouse hearts over time (*P Ͻ 0.05, ‡P ϭ 0.08, n ϭ 4 -6 animals). B: Western blot of SphK1 and Sphk2 in lysates from the RM, early and late after MI, compared with sham-operated controls. C: SphK1 and -2 protein expression in lysate from the RM, early and late after MI, compared with sham-operated controls. 
Values are means Ϯ SE; n, number of animals. FS, fractional shortening; LVEDV and LVESV, left ventricular diastolic and systolic volume, respectively. *P Ͻ 0.05 vs. group 1-3 wk.
LAD ligation and continuing for 72 h, failed to yield an improvement in LV function at either 1 or 2 wk after MI (data not shown). Changes in myocardial signaling events related to the substantial inflammatory response at that early post-MI time point did not allow for a confirmation of signaling changes due to SEW2871 administration with this short course of therapy. Nevertheless, these observations may reflect a need for ongoing S1P signaling to prevent longer-term post-MI remodeling in the RM and may indicate that the beneficial impact of S1P receptor agonism is not due simply to an inhibition of early post-MI apoptosis/necrosis.
DISCUSSION
The major findings of this study regarding the remote myocardium after MI include the following: 1) SphK activity is decreased; 2) S1P 1 mRNA expression is reduced; 3) apoptosis is increased; 4) survival signaling is dampened; and 5) contractile function, as reflected in fractional shortening, is impaired. An additional key observation is that at least some of the functional abnormalities are ameliorated by a systemic administration of a selective S1P 1 receptor agonist. These results are the first to implicate significant changes in key elements of the SphK/S1P signaling cascade in pathological changes during chronic LV remodeling and provide early proof of the concept for the therapeutic modulation of this pathway.
Relatively little is known regarding the possible role of SphK2 in regulating CM fate. Data from embryonic fibroblasts suggest that the intracellular localization of this SphK isoform may actually contribute to a paradoxical proapoptotic effect (27) . Some discrepancies were observed in this study between changes in levels of mRNA and protein expression of SphK2 after MI; an even more substantial discrepancy is noted between the ratios of SphK2 and SphK1 mRNA levels measured here in the mouse and the previously described ratio of activity levels of these two isoforms in the rat heart (4, 40). These observations may reflect a very complex regulation of this Fig. 4 . mRNA expression of S1P1, S1P2, and S1P3 receptors in the RM of post-MI mouse hearts over time. *P Ͻ 0.05 and †P Ͻ 0.01; n ϭ 4 -6 animals. S1P-mediated signaling also involves a complex combination of intracellular pathways as well as a paracrine and autocrine activation of cell surface receptors and corresponding downstream mediators. A recent report in cultured wild-type mouse CM has indicated a cardioprotective, antiapoptotic role of S1P 1 stimulation, mediated through downstream PI3K/Akt activation (44) . Other studies in a double S1P 2 /S1P 3 knockout model, however, have suggested that these receptor isoforms, and not S1P 1 , are primarily responsible for cardioprotective Akt activation (24) . In addition, S1P 1 and S1P 3 have both been implicated in a negative inotropic and chronotropic effect on CM, possibly mediated by a muscarinic receptor-activated inward rectifier K ϩ current (17, 23, 25) . This functional effect on CMs may mimic the therapeutic effect of ␤-blockade after an ischemic insult. While further studies with a more extensive array of specific receptor agonists and antagonists may be necessary to sort out this complex myocardial signaling pathway, the simple systemic administration of an S1P 1 -specific agonist reported here does suggest a cardioprotective role for the stimulation of this receptor in the working wild-type mouse heart that was at least in part mediated through an increase in Akt signaling.
The changes in SphK activity and in S1P receptor RNA expression documented in this study suggest a role for both intracellular and receptor-mediated S1P pathways in pathological cardiac remodeling. Because of the potential confounding effects of the systemic administration on a wide variety of cell types, even of relatively specific receptor and enzyme agonists and antagonists, a clearer elucidation of either the critical elements in myocardial S1P signaling or the potential targets for therapeutic intervention may require the study of regulatable, cardiac-specific genetic models. Our use of a murine model for these in vivo investigations, therefore, provides a particularly appropriate basis for such future studies.
Our results also provide very early support for novel S1P-based therapies to enhance myocardial preservation during the evolution of chronic heart failure. Interestingly, S1P receptor agonism affected both CM survival and myocardial function remote from the infarct, as evidenced by an improvement in fractional shortening in this region. The absence of a significant effect of a 3-day administration of SEW2871 suggests that S1P receptor agonism does not simply inhibit acute or subacute cell loss from necrosis or apoptosis but can enhance CM survival and preserve LV function even during later post-MI remodeling.
Treatment with SEW2871 in this study represented an early proof of the concept for the ability of S1P receptor agonism to influence molecular and cellular events that might contribute to physiological changes during post-MI remodeling. The magnitude of the effects observed on parameters of LV function was modest with this relatively simple treatment regimen. Other regimens that facilitate more prolonged therapy or that allow a modulation of the timing of S1P agonism relative to an acute coronary event and to the time course of chronic post-MI remodeling may have an even more pronounced effect. In addition, the stimulation of S1P2 or S1P3 receptors may also play a cardioprotective role after MI, and a less specific S1P receptor agonism with agents such a FTY720 may therefore prove even more potent than SEW2871 therapy. Other means of altering myocardial S1P signaling, including local delivery systems and even myocardial SphK1 gene transfer, may also provide new avenues for a much-needed improvement of both the prevention and treatment of chronic post-MI heart failure.
